The rapid increase of the number of sequenced genomes asks for the functional annotation of the encoded enzymes. We used a combined computational−structural approach to determine the function of the TrpB2 subgroup of the tryptophan synthase β chain/β chain-like TrpB1−TrpB2 family (IPR023026). The results showed that TrpB2 enzymes are O-phospho-L-serine dependent tryptophan synthases, whereas TrpB1 enzymes catalyze the L-serine dependent synthesis of tryptophan. We found a single residue being responsible for the different substrate specificities of TrpB1 and TrpB2 and confirmed this finding by mutagenesis studies and crystallographic analysis of a TrpB2 enzyme with bound O-phospho-Lserine.
T he tryptophan synthase β chain/β chain-like family (IPR023026) consists of two distinct groups, TrpB1 and TrpB2, which share a sequence identity of approximately 30%. 1, 2 Dimeric TrpB1 associates with two monomeric αsubunits, TrpA, to the heterotetrameric αββα tryptophan synthase complex in which the two different kinds of subunits stimulate each other. 3, 4 The TrpA reaction generates glyceraldehyde-3-phosphate and indole. The latter is channeled to the active site of TrpB1 where it reacts with L-serine to form tryptophan in a PLP-dependent condensation reaction. 5−7 Both TrpB1 and TrpA are encoded within the trp operon.
The TrpB2 group can be further subdivided into TrpB2i, which is encoded within the trp operon, and TrpB2a and TrpB2o, which are encoded outside the trp operon. 1 It has been shown that the ssTrpB2i enzyme from Sulfolobus solfataricus forms with ssTrpA a transient, ligand-dependent tryptophan synthase complex having αββ stoichiometry. 8, 9 This finding indicates a functional equivalence of TrpB2i and TrpB1 in vivo. In contrast, all TrpB2o and TrpB2a enzymes characterized to date do not interact with TrpA. 10, 11 Nonetheless, in vitro they catalyze the PLP-dependent synthesis of L-tryptophan with a K m for indole in the nanomolar range and a K m for L-serine in the high millimolar range. However, the intracellular concentration of L-serine is supposed to be far below this K m value, 12 suggesting that TrpB2 uses a different substrate for tryptophan biosynthesis in vivo. For this reason, we have investigated the substrate specificity of TrpB2 based on structural considerations.
■ MATERIALS AND METHODS
Cloning. sttrpB1 was amplified from pBR322-sttrpAB (a gift from Dr. Ilme Schlichting) using the oligonucleotides AGC CAT ATG ACA ACA CTT CTC AAC CCC TAC and CTG GTG CAA GCT TGA TTT CCC CTC GCG CTT TCA GGA TATC and inserted into pET24a(+) at the NdeI/HindIII restriction sites. tmtrpB2o was amplified from pET21a(+)-tmtrpB2o 10 using the oligonucleotides ACC GCA TAT GAG AAT TGT TGT GAA and CCC AGG AAT TCA GGC TTT CAC ACG TAC GCT GT and inserted into pET28a(+) at the NdeI/ HindIII restriction sites. attrpB2o was amplified from cDNA of Arabidopsis thaliana Col-0 using the oligonucleotides GCA GCT TTG AGA TCT ACT CA and TTA TGG GGC CAT TCG AGC TT. The amplification product was the template in a second round of PCR using the oligonucleotides CTA GCT TAA GAC ATA TGG CAG CTT TGA GA and TTA TGG GGC CAT GGA TCC TTA AAC AAC A. The final amplification product was inserted into the pET28a(+) expression vector at the NdeI/ BamHI restriction sites. sstrpB2a was amplified from pET28a(+)-sstrpB2a 9 using the oligonucleotides TAA TAC GAC TCA CTA TAG GG and CCG CAA GCT TCT CCT TAA ATA ACA C and inserted into pET24a(+) at the NdeI/ HindIII restriction sites. sstrpB2a-R337D was generated by QuikChange site-directed mutagenesis 13 from pET28a(+)-sstrpB2a using the oligonucleotides TAT GCA GGT GGG CTA GAT TAT CAT GGA GTA GCC and GGC TAC TCC ATG ATA ATC TAG CCC ACC TGC ATA. The mutated gene was subcloned into pET24a(+) at the NdeI/HindIII restriction sites.
Gene Expression and Protein Purification. The proteins ssTrpB2i, ssTrpB2a, ssTrpB2a-R337D and tmTrpB2o were expressed with a His 6 -tag and purified by a heat step and metal chelate affinity chromatography according to refs 9 and 10. For crystallization, ssTrpB2a was further purified by preparative gel filtration chromatography using an AKTA-purifier system with a HiLoad Superdex 75 PG column (120 mL, GE Healthcare).
For expression of stTrpB1, Escherichia coli T7 Express (NEB) was transformed with pET24a(+)-sttrpB. The cells were grown at 37°C in lysogenic broth (LB) with 50 μg/mL kanamycin to OD 600 = 0.5. Protein expression was induced by addition of 0.5 mM IPTG. After growth overnight at 20°C, cells were harvested by centrifugation and disrupted by ultrasonication. The His 6 -tagged protein was purified by metal chelate affinity chromatography using an AKTA-purifier system with a HisTrap FF crude column (5 mL, GE Healthcare). Proteins in 50 mM Tris/HCl, pH 7.5, and 150 mM NaCl were eluted by a linear gradient of imidazole (10−500 mM) and dialyzed against 50 mM Tris/HCl, pH 7.5.
For expression of atTrpB2o, E. coli DE3 (NEB) was transformed with pET28a(+)-attrpB2o. The cells were grown at 37°C in lysogenic broth (LB) with 50 μg/mL kanamycin to OD 600 = 0.5. Protein expression was induced by addition of 0.5 mM IPTG. After growth overnight at 37°C, cells were harvested by centrifugation and disrupted by ultrasonication. The His 6 -tagged protein was purified by metal chelate affinity chromatography using an AKTA-purifier system with a HisTrap FF crude column (5 mL, GE Healthcare). Proteins in 50 mM potassium phosphate, pH 7.5, and 300 mM KCl were eluted by a linear gradient of imidazole (10−500 mM) and dialyzed against 50 mM potassium phosphate, pH 7.5.
Crystallization and Structure Determination. Crystallization trials with ssTrpB2a were performed with the vapor diffusion method in 24 well plates (Quiagen) at 18°C based on previously established conditions (O. Mayans, unpublished data). Drops contained 1 μL of ssTrpB2a (12.5 mg/mL) in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5, and 25 mM NaCl and 1 μL of reservoir solution. Equilibration was done against 500 μL of reservoir solution. First crystals appeared after 1 week at 18°C with 25% PEG-4000, 0.1 M Tris/HCl, pH 7.0, and 100 mM NaCl as reservoir solution. Initially crystals appeared as clusters and were multicrystals. Seeding was tried to produce bigger single crystals with 20−25% PEG-4000, 0.1 M Tris/HCl, pH 7.0/7.5/ 8.0/8.5, and 100 mM NaCl as reservoir solution. After 1 month at 18°C, single crystals were collected, soaked with 200 mM Ophospho-L-serine, and flash frozen in liquid nitrogen. Data of single crystals were collected at SLS beamline PXIII at 100 K. Data were processed using XDS, 14 and the data quality assessment was done using phenix.xtriage. 15 Molecular replacement was performed with MOLREP within the CCP4i suite. 16 A homology model with ssTrpB2a (O. Mayans, unpublished data) was built with MODELER 17 and served as a search model. Initial refinement was performed using REFMAC. 18 The model was further improved in several refinement rounds using automated restrained refinement with the program PHENIX 15 and interactive modeling with Coot. 19 The final model was analyzed using the program MolProbity. 20 Substrate Screening. Reaction mixtures (100 μL) contained 100 mM potassium phosphate buffer, pH 7.5, 180 mM KCl,40 μM PLP, 500 μM indole, 2 mM α-amino acid, and 5 μM enzyme. After incubation for 30 min at 25°C (stTrpB1) or 60°C (ssTrpB2i, ssTrpB2a, tmTrpB2o, atTrpB2o), reactions were quenched by the addition of 400 μL of methanol. Conversion of indole was subsequently determined by reversed-phase HPLC (Agilent 1200). The separation was performed at 25°C with a flow rate of 0.25 mL/min on a reversed-phase Gemini-NX-C18 column (3 mm × 150 mm, 3 μm particle size; Phenomenex) using 0.1% formic acid in water as buffer A and 0.1% formic acid in acetonitrile as buffer B. The program was as follows: hold with 5% B for 3 min, linear gradient 5−98% B in 22.8 min, hold with 100% B for 3.6 min, recycle 100−5% B in 3.6 min, and re-equilibrate with 5% B for 12 min. The elution time was 19.7 min for indole. Fluorescence Titration. Binding of L-serine and Ophospho-L-serine to ssTrpB2a and ssTrpB2a-R337D was followed by fluorescence detection at 520 nm after excitation at 440 nm using a FP-6500 spectrofluorometer (d = 1 cm; Jasco). The protein with a subunit concentration of 1 μM was titrated with amino acid at 25°C in 100 mM potassium phosphate buffer, pH 7.5.
Isothermal Titration Calorimetry (ITC). ITC measurements were performed with a MicroCal iTC200 titration calorimeter (GE healthcare). To this purpose, the proteins were dialyzed against HBS-EP+, 60 mM GP, 10 mM O-phospho-Lserine, and 0.05% (w/v) sodium azide. Titrations were conducted at 25°C by injecting 24 aliquots of 1.6 μL containing 188 μM ssTrpA into 200 μL containing ssTrpB2i at a subunit concentration of 21 μM. The thermodynamic dissociation constant K d was calculated by a one site binding model implemented in the ITC Origin software.
Surface Plasmon Resonance (SPR). SPR measurements were perfomed on a Biacore X100 optical biosensor (GE healthcare). ssTrpA was covalently immobilized on flow cell 2 of a CM5 sensor chip using EDC/NHS chemistry. The ligand in 10 mM sodium acetate buffer, pH 4.83, was injected to obtain a final signal of 218.2 response units (RU). Interactions were measured at 25°C at a flow rate of 30 μL/min using various concentrations of ssTrpB2i as analyte in HBS-EP+, 60 mM GP, and 0.05% (w/v) sodium azide in the presence of 10 mM O-phospho-L-serine, 1 M L-serine or 1 M glycine. The binding surface was regenerated after each injection with HBS-EP+. K d values were determined by using a steady-state binding model.
■ RESULTS AND DISCUSSION
The detailed reaction mechanism of the TrpB2 enzymes is unknown, and no crystal structure has been available for this group so far. In contrast, the structure−function relationship of the TrpB1 group is well understood, mainly based on studies of stTrpB1 from Salmonella typhimurium. Here, catalysis involves the formation of an external aldimine between the cofactor PLP and the substrate L-serine. We analyzed the coordination of this intermediate in stTrpB1 and compared it with a most plausible coordination in a homology model generated for ssTrpB2a from S. solfataricus (Figure 1) .
The cofactor PLP is bound in the same position, and the nitrogen of the pyridinium ring is coordinated by equivalent serine residues in stTrpB1 and ssTrpB2a, which indicates that Table S1 , Supporting Information.
Whereas TrpB1 preferentially uses L-serine as substrate, all studied TrpB2 enzymes have a pronounced preference for Ophospho-L-serine. In order to further analyze this finding, we determined the steady-state kinetic parameters of the TrpB2 enzymes for the O-phospho-L-serine dependent synthesis of tryptophan and compared them with the parameters of the Lserine dependent synthesis ( Table 1) .
The K m O-phospho-L-serine values of all TrpB2 lie within range of 10−1000 μM, which is found for ∼60% of enzymes in the KEGG database. 22 Since these values are much lower than their K m L-serine values and the corresponding turnover numbers k cat are similar, the catalytic efficiencies k cat /K m O-phospho-L-serine are higher by about 3−4 orders of magnitude than the catalytic efficiencies k cat /K m L-serine . We conclude from these results that TrpB2 enzymes catalyze the reaction of indole with O-phospho-Lserine in vivo. This is a new role for O-phospho-L-serine, which has been known up to now only as an intermediate of L-serine, L-cysteine, and L-cystathionine biosynthesis. 23, 24 We subsequently solved the structure of the ssTrpB2a dimer with external aldimine between PLP and O-phospho-L-serine at one subunit and internal aldimine between PLP and Lys111 at the other subunit ( Figure 2 ; Table S2 , Supporting Information). The binding of O-phospho-L-serine to the active site of ssTrpB2a leads to a conformational change from an open to a closed state (Figure 2A,B) . Such a conformational change upon substrate binding was also observed for stTrpB1. 25, 26 As predicted by homology modeling (Figure 1) , the cofactor within the active site in the crystal structure is coordinated with hydrogen bonding interactions to Thr133, Ser264, and Ser411 ( Figure 2C ). Binding of O-phospho-L-serine leads to a reorientation of Thr133 and Arg337, which facilitates the coordination of the carbonyl and the phosphate groups of PLP. The replacement of Arg337 by aspartate using site-directed mutagenesis results in the inversion of substrate binding from O-phospho-L-serine to L-serine as indicated by fluorescence titration experiments ( Table 2) .
The closest homologue to tryptophan synthases TrpB1/ TrpB2 is the family of cysteine synthases CysM/CysK, which shares the same fold and catalyzes a β-replacement reaction via the same α-aminoacryl intermediate. 27 Recent investigations revealed that some cysteine synthases use O-phospho-L-serine instead of O-acetyl-L-serine as substrate. 24,28−30 Like in TrpB2 enzymes, the coordination of the phosphate leaving group seems to be accomplished by an arginine residue. 30 It has been shown that saturating concentrations of the ssTrpA ligand glycerol-3-phosphate (GP) and the ssTrpB2i ligand L-serine induce the formation of a transient αββ complex. 8 We tested the consequences of replacing L-serine by O-phospho-L-serine or glycine for complex formation between ssTrpB2i and ssTrpA. Surface plasmon resonance and isothermal titration calorimetry showed that the affinity between ssTrpB2i and ssTrpA was identical, independent of the used ssTrpB2i ligand (Table S3 , Supporting Information). These results indicate that the ssTrpA−ssTrpB2i complex is formed with equal propensity, no matter whether the βsubstituent of the ssTrpB2i ligand is −H, −CH 2 OH, or −CH 2 OPO 3 2− . Figure 1 . Superposition of the active sites of stTrpB1 and ssTrpB2a. Active site residues of stTrpB1 (PDB ID 1KFJ) are shown as green sticks and the aldimine between PLP and L-serine (PLS) is shown as gray sticks. Hydrogen bonds between side chains and PLS are indicated by black dashes. ssTrpB2a was modeled by means of Yasara Structure (www.yasara.org) using 1KFJ as template, and superimposed active site residues are shown as yellow sticks. The role of the depicted residues in catalysis is given according to experimental data for stTrpB1. 3,39−43 The ability of TrpB2 to synthesize tryptophan in vivo was recently analyzed using the hyperthermophile Thermococcus kodakarensis, which can be genetically manipulated. 31, 32 T. kodakarensis has a tkTrpB1 enzyme, which is part of the αββα tryptophan synthase complex, and a tkTrpB2o enzyme that does not interact with tkTrpA. A T. kodakarensis ΔtrpB1 strain was created, which lacks TrpB1 activity and has an insufficient TrpA activity due to the missing activation by the binding partner. However, ΔtrpB1 thrived equally well as the wild-type strain in minimal medium supplemented with indole. 11 Also, the transcription of some trpB2 genes was shown to be similarly regulated as trpB1. 11, 33 These findings suggest that TrpB2 enzymes act as tryptophan synthases in vivo and primordially evolved for the catalysis of the last step in tryptophan biosynthesis. Interestingly, several organisms harboring TrpB2i or TrpB1 enzymes still possess TrpB2o or TrpB2a proteins. The presence of two TrpB2 enzymes seems to be a minor advantage as indicated by the uneven distribution of TrpB2a in closely related Sulfolobales (TrpB2a is present in S. solfataricus and S. tokodaii but absent in S. acidocaldarius). In contrast, differences of TrpB1 and TrpB2 in substrate specificity and affinity may provide a selective advantage by helping to regulate the intracellular concentration of free indole. The specific reason is unclear; however it is known that indole is involved in various biological processes like biofilm formation, 34 cell cycle control, 35, 36 and regulation of gene expression. 37, 38 ■ ASSOCIATED CONTENT
* S Supporting Information
Conservation of substrate specifying residue, use of α-amino acids by TrpB enzymes, data collection and refinement statistics, dependence of complex formation between ssTrpA and ssTrpB2i on the TrpB2i ligand, and supporting references. This material is available free of charge via the Internet at http://pubs.acs.org.
Accession Codes
The X-ray coordinates have been deposited in the Protein Data Bank as entry 4QYS. 
Notes
The authors declare no competing financial interest. 
